Composite two-Higgs model with dynamical CP-violation by Andrianov, A. A. et al.
ar
X
iv
:h
ep
-p
h/
96
10
37
6v
2 
 9
 D
ec
 1
99
6
Composite two-Higgs model with dynamical
CP-violation.
A.A.Andrianov, V.A.Andrianov, V.L.Yudichev
Sankt-Petersburg State University
Abstract
Quark models with four-fermion interaction including derivatives
of fields are exploited as prototypes for composite-Higgs extensions of
the Standard Model. In the non-trivial case of two- and four-derivative
insertions the dynamical breaking of chiral symmetry occurs in two
channels, giving rise to two composite Higgs doublets. For special
configuration of four-fermion coupling constants the dynamical CP-
violation in the Higgs sector appears as a result of complexity of two
v.e.v. for Higgs doublets. In this scenario the second Higgs doublet is
regarded as a radial excitation of the first one.
1 Introduction.
Higgs particles have been introduced in the Standard Model of electroweak
interaction (SM) in order to get massive vector bosons as the mediators of
electroweak interaction without loss of renormalizability or unitarity of the
theory. They are indispensable in the modern picture of the particle world
[1],[2], though being not yet detected experimentally.
In certain approaches the quark self-interaction is responsible for pro-
duction of quark-antiquark bound states which are identified as composite
Higgs particles. In a minimal version, quark models with local four-fermion
interaction are used to derive an effective action for Higgs doublets (Top-
condensate SM [2]). Following this way, we propose the quark model with
quasilocal four-fermion interaction [3]where the derivatives of fermion fields
are included to allow the formation of the second Higgs doublet. We consider
two Higgs doublets in the model [4] because one doublet does not provide
any effect of dynamical CP-violation. We are going to show how P-parity
breaks down dynamically for the special choice of coupling constants [5] of
the four-fermion interaction.
1
2 Quark model with quasilocal interaction.
For simplicity, we restrict ourselves with a two-flavor quark model in which
the t- and b-quarks are involved in the Spontaneous Breaking of Chiral Sym-
metry (SBCS). In accordance with SM, the left components of both quarks
form a doublet:
qL =
(
tL
bL
)
(1)
which transforms under SU(2)L group as a fundamental representation while
the right components tR, bR are singlets. The lagrangian for a minimal model
which leads to the strong coupling regime is taken in the form:
LJ = q¯L/DqL + t¯R/DtR + b¯R/DbR +
8pi2
NcΛ2
2∑
k,l=1
akl
(
gt,kJ
T
t,k − gb,kJ˜Tb,k
)
iτ2
(
gb,lJb,l − gt,lJ˜t,l
)
. (2)
Here we introduced the following denotations for doublets of fermion currents:
Jt,k ≡ t¯Rϕk
(
−∂
2
Λ2
)
qL, Jb,k ≡ b¯Rϕk
(
−∂
2
Λ2
)
qL, (3)
The tilde in J˜t,k and J˜b,k marks charge conjugated quark currents:
J˜t,k = iτ2J
⋆
t,k, J˜b,k = iτ2J
⋆
b,k (4)
The subscripts t, b indicate right components of t and b quarks in the currents,
the index k enumerates the formfactors:
ϕ1 = 1, ϕ2 =
√
3
(
1− 2
(
−∂
2
Λ2
))
. (5)
As the spinor indices are contracted to each other in (3), Jt,k transforms as
a doublet under SU(2)L. τ2 is a Pauli matrix in the adjoint representation
of the group SU(2)L. Coupling constants of the four-fermion interaction are
represented by 2 × 2 matrix akl. We introduce also the Yukawa constants
gk,l, gb,k.
Insofar as the theory with four-fermion interaction is nonrenormalizable,
it is understood as an effective low-energy field theory with a cut-off Λ at
large momenta in Euclidean metric.
2
3 Higgs sector.
The lagrangian to describe the dynamics of composite Higgs bosons can
be obtained by means of introduction of auxiliary bosonic variables and by
integrating out fermionic degrees of freedom. According to this programme,
we define two doublets:
H1 =
(
h11
h12
)
, H2 =
(
h21
h22
)
(6)
and their charge conjugates:
H˜1 =
(
h⋆12
−h⋆11
)
, H˜2 =
(
h⋆22
−h⋆21
)
. (7)
In terms of auxiliary fields, the lagrangian (2) can be rewritten in the follow-
ing way:
NcΛ
2
8pi2
2∑
k,l=1
H†k(a
−1)klHl +
2∑
k=1
[
gt,kH˜
†
kJt,k + gb,kH
†
kJb,k
]
+ h.c. (8)
The integrating out of fermionic degrees of freedom will produce the effective
action for Higgs bosons of which we shall keep only the kinetic term and the
effective potential consisting of two- and four-particles vertices. The omitted
terms are supposedly small, being proportional to inverse powers of a large
scale factor.
The effective potential which does not violate the CP-parity manifestly
is parametrized by seven coupling constants fm
Veff =
Nc
8pi2
[
−
2∑
k,l=1
∆kl
(
H†kHl
)
+ f1
(
H†1H1
)2
+
f2
(
H†1H1
) (
H†1H2
)
+ f3
(
H†1H1
) (
H†2H2
)
+
f4
(
H†2H2
) (
H†1H2
)
+ f5
(
H†2H2
)2
+
f6
(
H†1H2
)2
+ f7
(
H†1H2
) (
H†2H1
)
+ h.c.
]
, (9)
where the mass term is in general nondiagonal and represented by 2 × 2
matrix ∆kl.
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We assume the vacuum charge stability or, in other words, that only
neutral components of both Higgs doublets may have nonzero v.e.v. Hence,
one can deal with only neutral components of the Higgs doublets in the
effective action for studying SBCS. This part of the Higgs sector can be
investigated separately as a model where two singlets (not doublets) appear
as composite Higgs bosons. For this purpose, we use the two-channel model
which we have already developed for the case of one-flavor. [6]
Further on, we restrict ourselves with two choices of Yukawa constants
gt,l, gb,l: 1) gt,k = gb,k and 2) gt,k ≫ gb,k. Let us proceed to demonstration of
the dynamical P-parity breaking in the one-flavor quark model.
4 Dynamical breaking of P-parity.
The one-flavor quark model with quasilocal four-fermion interaction is con-
sidered near its polycritical point [5],[6]:
aij ∼ δij + ∆ij
Λ2
, |∆ij| ≪ Λ2, (10)
where the elements of the matrix ∆ parametrize deviation from a polycritical
point in the three-dimensional coupling constants space. Following the defi-
nitions made in [5], we relate the fields χ1 and χ2 to the neutral components
of Higgs doublets. The potential (9) in this case transforms into:
Veff =
Nc
8pi2
[
−
2∑
k,l=1
∆kl (χk) + f1|χ1|4 + f2|χ1|2χ⋆1χ2 +
fˆ3|χ1|2|χ2|2 + f4|χ2|2χ⋆1χ2 + f5|χ2|4 + f6(χ⋆1χ2)2 + h.c.
]
, (11)
where fˆ3 = f3 + f7, and one obtains from the model:
for the case 1)
f1 = 4 log
Λ2
µ2
, f2 =
3
√
3
8
, fˆ3 =
3
4
, f4 =
√
3
4
, f5 =
9
16
, f6 =
3
16
,
(12)
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and for the case 2):
f1 = 8 log
Λ2
µ2
, f2 =
3
√
3
4
, fˆ3 =
3
2
, f4 =
√
3
2
, f5 =
9
8
, f6 =
3
8
.
(13)
As complex solutions of the mass-gap equations are expected, we specify
for them an appropriate parametrization which brings a real dynamical mass
M0 = χ1 +
√
3χ2:
χ¯1 = χ1 + iρ, χ¯2 = χ2 − i ρ√
3
, χi ≡ Reχ¯i, (14)
where χ1, χ2 and ρ are real. In these variables the mass-gap equations read:
∆11χ1 +∆12χ2 = M
3
0 ln
Λ2
M20
− 6
√
3χ21χ2 − 18χ1χ22 − 8
√
3χ32
d1χ1 − d2χ2 = 2
√
3χ1(χ
2
1 + 3χ
2
2) + 2ρ
2(
4√
3
χ1 − 2χ2)
ρ(
√
3∆11 −∆12) = 2ρ
√
3(χ21 + χ
2
2 +
4
3
ρ2), (15)
where
d1 =
√
3∆11 −∆12, d2 = −
√
3∆21 +∆22. (16)
When the coupling constants of the quark model are chosen near a particular
hyperplane in the coupling constant space, defined by the equation
√
3d1 −
2d2 = 0, the non-zero solution for ρ exists, and in the large-log approximation
one has:
χ21 =
d1 + 4∆12
16
√
3(ln Λ
2
µ2
− 3) χ2 ≈ −
√
3χ1, (17)
ρ2 =
d1
√
3
8
− 3
4
(χ21 + χ
2
2) =
d1
√
3
8
1 +O
 1
ln Λ
2
µ2
 . (18)
5 Second Variation and Mass Spectrum of
Composite States.
The matrix of second variations of the effective potential determines the spec-
trum of bosonic states. We divide it into two parts: the first one independent
5
on momentum, Bˆ, and the kinetic part Aˆp2.
δ(2)S = (δχ⋆, (Aˆp2 + Bˆ)δχ) (19)
χj =<χj> +δχj =<χj> +σj + ipij . (20)
The constant matrix Bˆ has the zero-mode χ0j =<pij>−i· <σj>, regarding to
the existence of Goldstone bosons. In order to find the spectrum of collective
excitations one should solve the equation
det(Aˆp2 + Bˆ) = 0. (21)
at −m2 = p2 ≤ 0.
One can see from (17),(18) that in the large-log limit the axial dynamical
mass dominates. It leads to appearance of a massless boson in the scalar
channel in accordance to the Goldstone theorem.
The classification of states given by P-parity quantum number is relevant
only in the large-log limit, when:
Bπσ
Bσσ
≈ B
πσ
Bππ
= O
 1
ln Λ
2
µ2
 , (22)
next-to-leading logarithmic effects are of no importance and one can neglect
mixing of the states with different P-parity. Then the spectrum of mesons
is:
m2σ = 0, m
2
σ′ ≈
d1 + 4∆12√
3 ln Λ
2
µ2
≈ 16χ21 = 4M2c
m2π′ ≈
√
3d1, m
2
π ≈
4(d1 +∆12)
9
√
3 ln Λ
2
µ2
(23)
The ratio of mσ′ and mπ does not depend on logarithm, therefore the
masses are comparable. On the other hand, in the models with finite momen-
tum cut-off, the effects of order of Λ2 become important and the dynamical
P-parity breaking is induced, since Bπσ 6= 0.
Thus, we have constructed the model where:
a). Two Higgs doublets are created dynamically as a consequence of SBCS
in two channels.
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b). The appopriate fine tuning leads also to spontaneous breaking of P-parity
and, therefore, of CP-parity in the Higgs sector.
The experimental implications of such effects are expected to be rather
small in the fermion sector of SM [1],[7]. These effects are observable only in
decays of heavy Higgs particles (namely, pseudoscalar Higgses may decay into
scalar ones, scalar Higgses may decay into pseudoscalar ones) and in decays
of Higgs particles into two bosons where CP-even and CP-odd amplitudes
appear.
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